
VOLUME 83, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 4 OCTOBER 1999
Tabletop Bremsstrahlung X-Ray Holography: Making Multiwavelength X-Ray Holograms
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We have used a tabletop x-ray holography apparatus to measure the bremsstrahlung x-ray intensity
distribution produced by electron bombardment of a single crystal Ag anode over a far-field hemisphere
to parts in 104. Using simple computer analysis, we have holographically reconstructed the image of
the atoms without the need for detailed crystallographic modeling. We have successfully imaged the
silver atoms using both 27.6 and 19.6 keV bremsstrahlung photons.

PACS numbers: 61.10.– i, 07.85.–m, 42.40.– i, 61.14.Nm
Dennis Gabor’s dream was to holographically image
atoms with an external source of electrons produced us-
ing an electron microscope to focus the electrons down to
a very small region in front of the sample [1]. Gabor’s
dream has never been fully realized because the quality of
the best electromagnetic lenses is only about as good as
the quality of a raindrop is for imaging visible light [2].
However, his dream has been partially realized over the
past ten years using electrons produced from a very small
region inside the sample as the reference wave [3]. In prin-
ciple, much better holographic images can be made using
x rays instead of electrons [4]. Recently, two forms of
internal reference wave x-ray holography have been real-
ized [5,6]. In this Letter, we present a third: multiwave-
length bremsstrahlung x-ray holography.

The basis of bremsstrahlung x-ray holography is simple:
when bremsstrahlung x-ray photons are produced inside
a single crystal sample, the resulting far-field intensity
pattern is a Gabor hologram [7]. The holographic refer-
ence amplitude is provided by the bremsstrahlung photons
which travel directly (without scattering) to the detector,
and the holographic object amplitude is provided by the
bremsstrahlung photons which undergo single elastic scat-
tering (by the object atoms) on their way to the detector.
Since these two final states are indistinguishable, the direct
and indirect amplitudes interfere to form a holographic in-
terference pattern. Simple Fourier analysis can be used to
reconstruct the image of the atoms around the source atom
from this interference pattern.

Bremsstrahlung x-ray holography is attractive for four
reasons: (1) Short wavelength x rays can be produced from
low-Z materials, thereby allowing higher spatial resolu-
tion than their low-energy characteristic x rays would
permit. (2) The bremsstrahlung production cross section
is large, allowing the measurement of holograms with a
tabletop apparatus. (3) X rays interact very weakly with
atoms compared to electrons and thereby avoid the strong
multiple-scattering problems present in the electron holo-
graphies. (4) The bremsstrahlung spectrum is continuous
and, consequently, many holograms can be made simul-
taneously at different photon energies; these multiwave-
length holograms may be combined to produce much better
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quality reconstructions than single energy holograms [8].
Extensive numerical simulations have demonstrated the
feasibility of bremsstrahlung x-ray holography [9].

Figure 1 shows a schematic of the experimental ap-
paratus. A tungsten filament was used to provide elec-
trons which were accelerated toward the single crystal
silver anode by a 40 kV bias. The interaction of the elec-
trons with the target atoms produced both characteristic
and bremsstrahlung photons. The target and the electron
gun were housed in a vacuum enclosure maintained at
1028 torr. The x rays exited the vacuum system through
a 0.020 inch thick, semicylindrical beryllium window.
The experimental apparatus has been described in detail
elsewhere [10].

Although, the x-ray production efficiencies are small
(about 1023), so that most of the electron’s energy is con-
verted into heat inside the anode, a modest electron beam
current of 10 mA still produces about 6 3 1013 x-ray pho-
tons into 4p steradians. A recirculating chiller system was
used to flow water at 10 ±C across the back side of the
sample to prevent overheating, since the electron heating
would change the lattice spacing, reduce the amplitude of
the holograms, and distort or melt the sample.

We used a silver single crystal to demonstrate and
develop bremsstrahlung holography. Silver is an excellent

FIG. 1. Schematic of the x-ray holography experimental
apparatus. The x rays produced inside the sample exit the
vacuum chamber through a beryllium window. They are first
energy filtered and then detected. The far-field hemisphere
is measured by rotating the crystal 360± about its azimuthal
axis f and by rotating the vacuum chamber 90± about its polar
axis u. The detectors remain fixed in space.
© 1999 The American Physical Society 2741
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electrical and thermal conductor. In addition, silver has a
reasonably high melting point (961 ±C), and a relatively
high atomic number (Z � 47). Silver has a face-centered
cubic structure with a room temperature lattice constant of
a � 4.0856 Å. The crystal we used as the anode was a
disk 1.5 mm thick and 12 mm in diameter; its surface nor-
mal was oriented along the 001 crystal axis to within 0.5±.

The holographic information is contained in the varia-
tions of the measured intensities for different outgoing pho-
ton directions. As a result, we need two angular degrees of
freedom to cover the surface of the far-field sphere. The
most convenient way to cover this surface is to rotate the
sample inside the vacuum chamber to vary the azimuthal
angle f, and to rotate the entire vacuum chamber to vary
the polar angle u.

The photon interference necessary for atomic resolution
holography requires sufficiently monochromatic photons.
The longitudinal coherence length lc of the beam is directly
related to the energy distribution, lc � hc�DE, and this is
approximately the maximum distance over which we will
be able to image the neighboring atoms. This issue is par-
ticularly important for bremsstrahlung holography, where
we need to eliminate the relatively intense characteristic
fluorescence radiation, select a narrow energy region from
the continuous bremsstrahlung spectrum, and maintain suf-
ficient photon flux for the experiment even after the energy
filtering.

To energy filter the bremsstrahlung photons we used
balanced Ross filters [11]. The Ross balanced-filter tech-
nique uses a combination of two filters made of materi-
als with a small difference in their atomic numbers. This
technique relies on the fact that the x-ray absorption co-
efficients for elements with nearby Z’s vary in approxi-
mately the same way versus photon energy, except near
the absorption edges. If the filter thicknesses are adjusted
properly (see Fig. 2), the difference signal will provide a
narrow energy bandpass signal. We measure the transmit-
ted beam first through one filter and then through the other
filter, and then we take the difference between these two
signals.

Two sets of balanced-filter pairs were used: silver and
tin provided a passband 3.7 keV wide centered at E �
27.6 keV; niobium and molybdenum provided a passband
1.0 keV wide centered at E � 19.6 keV. Figure 2 shows
the measured signal transmitted through each filter mea-
sured with a solid state Si detector, the calculated transmis-
sion factor of the filters [12], and the measured difference
signal for the Ag�Sn pair. Note that the cancellation is
not perfect at low energies and that this will introduce an
additional source of noise in the measured hologram. The
filters were mounted on a linear translation stage which
moved them in and out of the beam under computer con-
trol. The x rays were detected using NaI scintillators op-
erated in current mode.

We measured the intensity of the x rays over an entire
hemisphere, varying u and f in 1± steps, from u � 0±
2742
5 10 15 20 25 30 35
E (keV)

I 
(a

.u
.)

I 
(a

.u
.)

T
 (

a.
u.

)

Ag

Sn

a)

b)

c)

FIG. 2. Operation of the Ross filters measured with a Si de-
tector for the Ag�Sn filter pair. (a) The measured transmission
signals. Note that they match well, except in the passband.
(b) The calculated energy-dependent transmission factors for
the Ag and Sn filters. (c) The measured energy passband for
the Ag�Sn pair.

to u � 90±, and from f � 0± to f � 360±. With a mea-
suring time of 2.5 sec, about 1.5 3 109 photons per point
were detected. Holograms at two different energies were
measured simultaneously to allow direct intercomparisons.

The background was predicted to be uniform and 103

times larger than the holographic fringes. To extract the
hologram from the measured data—and to correct it for
long term fluctuations and sample absorption—we used
an area-normalization technique. First, we normalized
the data so that curves of constant f had the same
integrated area. Then we normalized the (already f

normalized) curves of constant u in the same way.
This area-normalization technique very effectively filtered
out fluctuations whose time scales were greater than
0.18 mHz. Slow variations in the x-ray intensity due to
tungsten deposition on the target, scintillator temperature
changes, and barometric pressure changes were all greatly
reduced. However, this normalization technique also
removed all azimuthally symmetric information from the
data, thereby removing all of the interference fringes from
atoms along the 001 direction.

The u and f area-normalized, background-subtracted
signal for the data measured using the Ag�Sn filter pair
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was about 0.5% of the background level. This was in good
agreement with numerical simulations [9]. However, in
the case of the Mo�Nb pair, the amplitude of the area-
normalized background-subtracted hologram was about
2% of the background. This was larger than the simu-
lations, and indicated additional noise. Fortunately, this
extra noise was at different frequencies than the atomic
signals, and consequently was separated from the atomic
signals by the Fourier filter in the reconstruction algorithm.

To reconstruct the hologram we used Barton’s algo-
rithm [13]

c�r� �
1

2pR2

Z
x�k�e2ik?r sinu du df

to obtain our holographic images of the atoms inside the
silver crystal. In this equation, the measured hologram is
denoted x�k� where k is the outgoing photon wave vector.
To avoid interpolating our data, we used slow Fourier
transforms (simple numerical integration) directly on the
grid of our data.

Figure 3 shows our reconstructions at different z lev-
els for the hologram measured using the Ag�Sn filters.
The reconstruction at z � 0 shows four bright spots 4.0 6

0.2 Å apart in good agreement with the expected value of
4.086 Å. Near the origin there are strong artifacts, which
correspond to low spatial frequency noise due to our in-
ability to remove all of the background. The dark spot at
the center is related to the area-normalization procedure
described above. Some artifacts are also present near the
origin in the numerical simulations (see Fig. 5 below), yet

FIG. 3. Reconstructions of the hologram measured with the
Ag�Sn filter pair. Each side of the square is 7 Å. (a) Results
for the z � 0 level. There are four bright atomic images
4.0 6 0.2 Å apart, and some spurious images near the center.
(b) Results for the z � a�2 level. The four atoms separated
by 2.98 6 0.16 Å can clearly be distinguished.
these are much weaker and are due to small errors inher-
ent in the single-energy reconstruction technique. The re-
construction at z � a�2 � 2.043 Å shows multiple bright
spots, most of which do not correspond to atomic im-
ages (see below). However, the four spots closest to the
center do represent atoms. Their orientation and separa-
tion (2.98 6 0.16 Å) agree with the known structure and
known orientation of the crystal in our apparatus. The
reconstruction at z � 2a�2 shows identical features, as
expected because of the inversion symmetry with respect
to the origin of single-energy holograms. The reconstruc-
tion at z � a � 4.0856 Å (not shown here) does not show
any features corresponding to atoms. Contributions to the
interference fringes from atoms farther than the nearest
neighbors were too small to be detected due to the lim-
ited longitudinal coherence length of the bremsstrahlung
photons and the falloff of the reference wave away from
the source [9]. Reconstructions at intermediate z levels
did not show any features.

Figure 4 shows the same reconstructions for the holo-
gram measured using the Mo�Nb filters. As expected
from the narrower passband of this filter pair, these images
have better resolution, and the atoms are closer to their ex-
pected positions. Other than this, they have essentially the
same features as the reconstructions for the Ag�Sn holo-
gram. The z � 0 level shows four atoms, 4.1 6 0.1 Å
apart. Again, there are spurious images near the center.
The reconstruction at z � a�2 clearly shows four atoms
separated by 2.87 6 0.15 Å again in agreement with the
known values. As in Fig. 3, there are extra spots that do

FIG. 4. Reconstructions of the hologram measured with the
Mo�Nb filter pair. Each side of the square is 7 Å. (a) Results
for the z � 0 level. There are four bright atomic images
4.1 6 0.1 Å apart, and some spurious images near the center.
(b) Results for the z � a�2 level. The four atoms separated
by 2.87 6 0.15 Å can clearly be distinguished.
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FIG. 5. Reconstructions of the numerically simulated holo-
grams for 22 atom silver clusters [9]. Each side of the
square is 7 Å. (a) Reconstruction for the Ag�Sn simulation
at z � 0. (b) For the Ag�Sn simulation at z � a�2. (c) For
the Mo�Nb simulation at z � 0. (d) For the Mo�Nb simula-
tion at z � a�2.

not represent atoms. These are due to noise in the data,
and can be safely discarded since they appear at different
positions for different x-ray energies.

Figure 5 shows reconstructions of holograms numeri-
cally simulated for 22 atom clusters. These simulations
included the anisotropic nature of the bremsstrahlung ref-
erence wave, the effects of finite energy resolution, the
effects of finite angular resolution, and a holographic
Debye-Waller factor [9]. Panels 5(a) and 5(b) show the
reconstructions for the Ag�Sn pair, and panels 5(c) and
5(d) show the reconstructions for the Mo�Nb pair. These
reconstructions agree well with the holographic reconstruc-
tions calculated from the data.

In conclusion, we have developed a new technique,
bremsstrahlung x-ray holography, to image the atoms
inside a crystal. From the measured far-field interference
2744
pattern, we have successfully imaged the nearest-neighbor
atoms inside a silver crystal using Barton’s holographic
reconstruction procedure. This work demonstrates the
feasibility of this technique to provide atomic structures
without detailed modeling.

What is the future of these new x-ray holographies? Will
they grow up to be healthy and strong x-ray structural
tools? Only time will tell, but it seems clear that great
improvements are possible—and will be needed—before
these techniques are mature.
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